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Eutrophication is a widespread environmental change that usually reduces the stabilizing 83 
effect of plant diversity on productivity in local communities. Whether this effect is scale 84 
dependent remains to be elucidated. Here, we determined the relationship between plant 85 
diversity and temporal stability of productivity for 243 plant communities from 42 86 
grasslands across the globe and quantified the effect of chronic fertilization on these 87 
relationships. Unfertilized local communities with more plant species exhibited greater 88 
asynchronous dynamics among species in response to natural environmental fluctuations, 89 
resulting in greater local stability (alpha stability). Moreover, neighbourhood 90 
communities that had greater spatial variation in plant species composition within sites 91 
(higher beta diversity) had greater spatial asynchrony of productivity among 92 
communities, resulting in greater stability at the larger scale (gamma stability). 93 
Importantly, fertilization consistently weakened the contribution of plant diversity to 94 
both of these stabilizing mechanisms, thus diminishing the positive effect of biodiversity 95 
on stability at differing spatial scales. Our findings suggest that preserving grassland 96 
functional stability requires conservation of plant diversity within and among ecological 97 
communities. Furthermore, our results demonstrate the threat of increased ecosystem 98 
eutrophication to the stable provisioning of grassland services across spatial scales under 99 




Humans are altering global nutrient cycles via combustion of fossil fuels and fertilizer 102 
application1. We have more than doubled pre-industrial rates of nitrogen (N) and phosphorus 103 
(P) supply to terrestrial ecosystems2. Terrestrial N and P inputs are predicted to reach levels 104 
that are three to four times pre-industrial rates by 20503. This pervasive global eutrophication 105 
will have dramatic consequences on the structure and functioning of terrestrial and aquatic 106 
ecosystems3. In grasslands, nutrient enrichment usually increases primary productivity, but 107 
reduces plant diversity and alters the ability of ecosystems to reliably provide functions and 108 
services for humanity4-7.  109 
 110 
Concerns that eutrophication compromises both the diversity and stability of ecosystems have 111 
led to a growing number of theoretical and empirical studies investigating how these ecosystem 112 
responses may be mechanistically linked4,6,8-11. These studies, have repeatedly shown that the 113 
positive effect of plant species richness on the temporal stability of community productivity in 114 
ambient (unfertilized) conditions is usually reduced with fertilization4-6. However, these studies 115 
have primarily focused on plant responses at relatively small scales (i.e., within single local 116 
communities). Whether fertilization reduces the positive effect of diversity on temporal 117 
stability at larger scales (i.e. among neighbouring local communities) remains unclear. Filling 118 
this knowledge gap is important because the stable provision of ecosystem services is critical 119 
for society12. This is especially true, given an increasing concern for large variability of 120 
environmental conditions due to multiple anthropogenic influences including eutrophication 121 
and climate change13. 122 
 123 
A recent theoretical framework allows the quantification of the processes that determine the 124 
stability of ecosystem functioning at scales beyond the single local community (Fig. 1)14-16. 125 
Stability at any given scale is defined as the temporal mean of primary productivity divided by 126 
its standard deviation17. Higher local scale community stability (alpha stability), can result 127 
from two main processes. First, a higher average temporal stability of all species in the 128 
community (species stability) can stabilize community productivity due to lower variation in 129 
individual species abundances from year to year (Fig. 1b). Second, more asynchronous 130 
temporal dynamics among species in response to environmental fluctuations (species 131 
asynchrony) can stabilize community productivity because declines in the abundance of some 132 
species through time are compensated for by increases in other species (Fig. 1c). Higher 133 
stability at the larger scale (gamma stability) can result from higher alpha stability and more 134 
asynchronous dynamics across local communities (spatial asynchrony) (Fig. 1d). Thus, the 135 
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stabilizing effect of spatial asynchrony on productivity at the larger scale (spatial insurance 136 
hypothesis)14,18 mirrors the stabilizing effect of species asynchrony on productivity at the local 137 
scale (species or local insurance hypothesis)8,16,19,20. Higher species asynchrony and species 138 
stability can result from higher local species diversity through higher species richness9,21,22, 139 
higher species evenness8, or both (e.g. higher values of diversity indices - such as the Shannon 140 
index - that combines the two23) (Fig. 1e). Higher spatial asynchrony can result from greater 141 
local species diversity or higher variation in species composition among communities (beta 142 
diversity)16. 143 
 144 
According to this framework, fertilization can affect the links between diversity, asynchrony 145 
and stability across spatial scales (Fig. 1e, Table 1). At the local scale, fertilization can decrease 146 
niche dimensionality, and favour a few dominant plant species by affecting the competitive 147 
balance among species, potentially reducing the insurance effects of local diversity7,22. At the 148 
larger scale, fertilization can reduce spatial heterogeneity in community composition, and 149 
decrease variations among local plant community structure, potentially reducing the spatial 150 
insurance effect of beta diversity16. Moreover, fertilization often reduces plant diversity which 151 
could in turn reduce asynchrony and stability at multiple scales4,9,17,24. However, the role of 152 
fertilization in mediating the functional consequences of biodiversity changes (variations in the 153 
number, abundance and identities of species) and compensatory mechanisms (variation and 154 
compensation in species responses) that can affect the stable provisioning of ecosystem 155 
functions at larger spatial scales remains to be elucidated25. 156 
 157 
To our knowledge, only one recent study has assessed the effect of nutrient enrichment on 158 
stability within and among interconnected communities in a temperate grassland26. By adding 159 
different nitrogen treatments to communities in ten blocks spread out within a single site, that 160 
study found that five years of chronic nitrogen addition reduced alpha stability through a 161 
decline in species asynchrony, but had no effect on spatial asynchrony. However, these 162 
conclusions were based on a single grassland site manipulating a single nutrient, with the 163 
implicit assumption that the relationship between diversity and stability was unaffected by 164 
eutrophication. This argues for multisite comparative studies assessing the generality of the 165 
mechanistic links between these ecosystem responses to eutrophication. 166 
 167 
Here, we use a coordinated, multi-site and multi-year nutrient enrichment experiment (+/- 168 
chronic nitrogen, phosphorus and potassium addition, Nutrient Network27) to assess the scale 169 
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dependence of fertilization impacts on plant diversity and stability. Treatments were randomly 170 
assigned to 25 m2 plots and were replicated in three blocks at most sites (Extended Data Table 171 
1). Samples were collected in 1 m2 subplots across 243 communities from 42 grassland sites 172 
on six continents and followed a standardized protocol at all sites27. We selected these sites as 173 
they contained between four to nine years of experimental duration (hereafter ‘period of 174 
experimental duration’) and three blocks per site, excluding additional blocks from sites that 175 
had more than three (Extended Data Table 1). Sites spanned a broad range of seasonal variation 176 
in precipitation and temperature (Extended Data Fig.1) and a wide range of grassland types 177 
(Extended Data Table 1). In our analysis, we treated each 1 m2 subplot as a ‘community’ and 178 
the replicated subplots within a site as the ‘larger scale’ sensu Whittaker28. We computed 179 
diversity, asynchrony, and stability within a community (local ‘alpha’ scale) and across the 180 
three replicated communities within a site (larger ‘gamma’ scale) (see Methods). We then used 181 
bivariate analysis and structural equation modelling (SEM)29 to assess fertilizer impacts and 182 
disentangle the relative contributions of diversity and asynchrony to stability (Fig. 1e).  183 
 184 
Results and Discussion 185 
Analyses of variance revealed the negative effects of nutrient inputs on biodiversity and 186 
stability at the two scales investigated, consistent with recent findings from a single site26. 187 
Fertilization consistently reduced species richness, alpha and gamma stability but had no effect 188 
on beta diversity (Extended Data Fig.2). Bivariate analyses further revealed the negative effects 189 
of nutrient inputs on biodiversity-stability relationships at the two scales investigated (Fig. 2). 190 
Relationships were generally consistent across the different periods of experimental duration 191 
considered (Extended Data Table 2). Under ambient (unfertilized) conditions, species richness 192 
was positively associated with alpha and gamma stability (Fig. 2a, b), but fertilization 193 
weakened the positive effect of species richness on stability at the two scales (Fig. 2c, d). 194 
Fertilization reduced local stability of grassland functioning by increasing temporal variability 195 
in species-rich communities (Extended Data Fig.3). Similarly, high beta diversity (variation in 196 
species composition among communities) was positively associated with spatial asynchrony 197 
and gamma stability under ambient conditions (Fig. 2e, f), but again fertilization weakened the 198 
positive effect of beta diversity on spatial asynchrony and gamma stability (Fig. 2g, h). These 199 
results remained when accounting for variation in climate using residual regression (Extended 200 
Data Fig.4), when using local diversity indices accounting for species abundance (Extended 201 
Data Fig.5), and when data were divided into overlapping intervals of four years (Extended 202 
Data Fig.6). Our results extend previous evidence of the negative impact of fertilization on the 203 
7 
 
diversity-stability relationship obtained within local plots and over shorter experimental 204 
periods4,6,26. Importantly, they show that these negative effects propagate from within to among 205 
communities. To our knowledge, our study is the first to report the negative impacts of 206 
fertilization on the relationships of beta diversity with spatial asynchrony and gamma stability.  207 
 208 
To understand the relative role of local vs. larger scale community properties in determining 209 
asynchrony and stability at different spatial scales, we conducted SEM analyses including all 210 
measures in a single causal model (Fig. 3, Extended Data Fig.7, Extended Data Table 3). Under 211 
ambient conditions, SEM revealed that higher plant species richness contributed to greater 212 
alpha and gamma stability largely through higher asynchronous dynamics among species 213 
(species asynchrony, standardized path coefficient = 0.39), and not necessarily through greater 214 
species stability (standardized path coefficient = 0.01) (Fig. 3a, Extended Data Fig.8a, b). The 215 
positive association between species richness and alpha stability is consistent with existing 216 
experimental17,24 and shorter-term observational evidence4,30,31. Our results confirm that the 217 
stabilizing effects of species richness in naturally-assembled grassland communities is largely 218 
driven by species asynchrony, but not species stability4,6,22,26. In addition, they show that the 219 
positive impact of species richness on the stability of community productivity via species 220 
asynchrony in turn leads to greater stability of productivity at the larger spatial scale. 221 
 222 
While correlated with species richness, higher beta diversity also contributed to greater gamma 223 
stability through an independent pathway, namely via higher asynchronous dynamics among 224 
local communities (spatial asynchrony, standardized path coefficient = 0.20, Fig. 3a). While 225 
theoretical studies have suggested a role for beta diversity in driving spatial asynchrony15,16, 226 
previous empirical studies conducted along a nitrogen gradient at a single site26 or across 62 227 
sites with non-standardized protocols21 did not find an association between these two variables. 228 
Here, we show that the presence of different species among local communities is linked to 229 
higher variation in dynamics among them, demonstrating the stabilizing role of beta diversity 230 
at larger spatial scales through spatial asynchrony. This also indicates the need for multi-site 231 
replication with standardized treatments and protocols to detect such effects.  232 
 233 
Importantly, fertilization acted to destabilize productivity at the local and larger spatial scale 234 
through several mechanisms (Fig. 3, Table 2). At the local scale, fertilization weakened the 235 
positive effects of plant species richness on alpha and gamma stability (Fig. 2a, c and b, d) via 236 
a combination of two processes (Fig. 3b, Extended Data Fig.8c, d). First, the positive 237 
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relationship between species richness and species asynchrony in the control communities 238 
(standardized path coefficient = 0.39, Fig. 3a), was weaker in the fertilized communities 239 
(standardized path coefficient = 0.20, Fig. 3b). Moreover, this general positive effect of 240 
richness on asynchrony was counteracted by a second stronger negative relationship of richness 241 
with species stability (standardized path coefficient = -0.37). Such negative effect of 242 
fertilization on species stability was not observed under ambient conditions and could be due 243 
to shifts in functional composition in species-rich communities from more stable conservative 244 
species to less stable exploitative species in a temporally variable environment32,33. Together, 245 
these two effects explain the overall weaker alpha stability at higher richness with fertilization. 246 
We did not find evidence that the loss of diversity caused by fertilization (an average of -1.8 ± 247 
0.5 species m-2, Extended Data Fig.2a, Extended Data Fig.9a) was related to the decline of 248 
alpha stability, confirming results from other studies5,6 and earlier Nutrient Network results4 249 
obtained over shorter time periods. This could be because the negative feedback of the loss of 250 
richness caused by fertilization on stability requires a longer experimental duration, or greater 251 
loss of plant diversity, to manifest9,34. Another possible explanation is that fertilization may 252 
have a direct positive effect on stability, by increasing community biomass (t = 2.41, d.f. = 326, 253 
P = 0.016) and enhancing stability via overyielding effects35, a formal test that would require 254 
monocultures. 255 
 256 
At the larger scale, fertilization reduced the strength of the relationship between beta diversity 257 
and gamma stability by reducing the strength of the relationship between beta diversity and 258 
spatial asynchrony (standardized path coefficient = 0.20 in Fig. 3a vs. standardized path 259 
coefficient = 0.03 in Fig. 3b). This result provides evidence that fertilization can reduce the 260 
stabilizing role of spatial asynchrony among initially dissimilar communities. We did not find 261 
evidence that this was due to a negative feedback of changes in beta diversity caused by 262 
fertilization on gamma stability (Extended Data Fig.2b, Extended Data Fig.9b). The positive 263 
relationship between beta diversity and spatial asynchrony, and the negative impact of 264 
fertilization on that relationship, suggests that the spatial insurance effect caused by variation 265 
in species composition among local communities may be disrupted in a eutrophic world.  266 
 267 
Our results support the idea that asynchronous dynamics among species in species-rich 268 
communities play a stabilizing role and show that this effect propagates to larger spatial 269 
scales21,26. Furthermore, our study is the first to report the positive association between beta 270 
diversity and gamma stability through spatial asynchrony in real-world grasslands. 271 
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Importantly, fertilization reduced the contribution of biodiversity to these stabilizing 272 
mechanisms at both scales, diminishing the local and spatial insurance of biodiversity on 273 
stability. Such diminished insurance effects lead to a reduced ecosystem stability at larger 274 
scales. Future climate will be characterised by more variability including more frequent 275 
extreme events13. Our results indicate that preserving ecosystem stability across spatial scales 276 
in a changing world requires conserving biodiversity within and among local communities. 277 
Moreover, policies and management procedures that prevent and mitigate eutrophication are 278 




Study sites and experimental design 283 
The study sites are part of the Nutrient Network (NutNet) experiment (Extended Data Table 1; 284 
http://nutnet.org/)27. Plots at each site are 5 × 5 m separated by at least 1 m. All sites included 285 
in the analyses presented here included unmanipulated plots and fertilized plots with nitrogen 286 
(N), phosphorus (P) and potassium and micronutrients (K) added in combination (NPK+). N, P 287 
and K were applied annually before the beginning of the growing season at rates of 10 gm-2 y-288 
1. N was supplied as time-release urea ((NH2)2CO) or ammonium nitrate (NH4NO3). P was 289 
supplied as triple super phosphate (Ca(H2PO4)2), and K as potassium sulphate (K2SO4). In 290 
addition, a micronutrient mix (Fe, S, Mg, Mn, Cu, Zn, B and Mo) was applied at 100 gm-2 y-1 291 
to the K-addition plots, once at the start of the experiment but not in subsequent years to avoid 292 
toxicity. Treatments were randomly assigned to the 25 m2 plots and were replicated in three 293 
blocks at most sites (some sites had fewer/more blocks or were fully randomised). Sampling 294 
was done in 1 m2 subplots and followed a standardized protocol at all sites27.  295 
 296 
Site selection 297 
Data were retrieved on 1 May 2020. To keep a constant number of communities per site and 298 
treatment, we used three blocks per site, excluding additional blocks from sites that had more 299 
than three (Extended Data Table 1). Sites spanned a broad envelope of seasonal variation in 300 
precipitation and temperature (Extended Data Fig.1) and represent a wide range of grassland 301 
types including alpine, desert and semi-arid grasslands, prairies, old fields, pastures, savanna, 302 
tundra and shrub-steppe (Extended Data Table 1).   303 
Stability and asynchrony measurements are sensitive to taxonomic inconsistencies. We 304 
adjusted the taxonomy to ensure consistent naming over time within sites. This was usually 305 
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done by aggregating taxa at the genus level when individuals were not identified to species in 306 
all years. Taxa are however referred to as “species”. 307 
We selected sites that had a minimum of four years, and up to nine years of post-treatment data. 308 
Treatment application started at most sites in 2008, but some sites started later resulting in a 309 
lower number of sites with increasing duration of the study, from 42 sites with four years of 310 
post-treatment duration to 15 sites with nine years of duration (Extended Data Table 1). Longer 311 
time series currently exist but for a limited number of sites within our selection criteria.  312 
 313 
Primary productivity and cover 314 
We used above-ground live biomass as a measure of primary productivity, which is an effective 315 
estimator of above-ground net primary production in herbaceous vegetation36. Primary 316 
productivity was estimated annually by clipping at ground level all aboveground live biomass 317 
from two 0.1 m2 (10 x 100 cm) quadrats per subplot. For shrubs and subshrubs, leaves and 318 
current year’s woody growth were collected. Biomass was dried to constant mass at 60°C and 319 
weighed to the nearest 0.01 g. Areal percent cover of each species was measured concurrently 320 
with primary productivity in one 1 x 1m subplot in which no destructive sampling occurred. 321 
Cover was visually estimated annually to the nearest percent independently for each species, 322 
so that total summed cover can exceed 100% for multilayer canopies. Cover and primary 323 
productivity were estimated twice during the year at some sites with strongly seasonal 324 
communities. This allowed to assemble a complete list of species and to follow management 325 
procedures typical of those sites. For those sites the maximum cover of each species and total 326 
biomass were used in the analyses. 327 
 328 
Diversity, asynchrony and stability across spatial scales 329 
We quantified local scale and larger scale diversity indices across the three replicated 1-m2 330 
subplots for each site, treatment and duration period using cover data37,38. In our analysis, we 331 
treated each subplot as a ‘community’ and the collective subplots as the ‘larger scale’ sensu 332 
Whittaker28. Local scale diversity indices (species richness, species evenness, Shannon and 333 
Simpson) were measured for each community and averaged across the three communities for 334 
each treatment at each site resulting in one single value per treatment and site. Species richness 335 
is the average number of plant species. Shannon is the average of Shannon–Weaver indices39. 336 
Species evenness is the average of the ratio of the Shannon–Weaver index and the natural 337 
logarithm of average species richness (i.e. Pielou’s evenness40). Simpson is the average of 338 
inverse Simpson indices41. Due to strong correlation between species richness and other 339 
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common local diversity indices (Shannon: r = 0.90 (95% CIs = 0.87 – 0.92), Simpson: r = 0.88 340 
(0.86 – 0.91), Pielou’s evenness: r = 0.62 (0.55 – 0.68), with df = 324 for each), we used species 341 
richness as a single, general proxy for those variables in our models. Results using these 342 
diversity indices did not differ quantitatively from those presented in the main text using 343 
species richness (Extended Data Fig.5), suggesting that fertilization modulate diversity effects 344 
largely through species richness. Following theoretical models15,16, we quantified abundance-345 
based gamma diversity as the inverse Simpson index over the three subplots for each treatment 346 
at each site and abundance-based beta diversity as the multiplicative partitioning of abundance-347 
based gamma diversity: abundance-based beta equals the abundance-based gamma over 348 
Simpson28,42, resulting in one single beta diversity value per treatment and site. We used 349 
abundance-based beta diversity index because it is directly linked to ecosystem stability in 350 
theoretical models15,16 and thus directly comparable to theories. We used the R functions 351 
‘diversity’, ‘specnumber’, and ‘vegdist’ from the vegan package43 to calculate Shannon-352 
Weaver, Simpson and species richness indices within and across replicated plots. 353 
Stability at multiple scales was determined both without detrending and after detrending data. 354 
For each species within communities, we detrended by using species-level linear models of 355 
percent cover over years. We used the residuals from each regression as detrended standard 356 
deviations to calculate detrended stability17. Results using detrended stability did not differ 357 
quantitatively from those presented in the main text without detrending. Stability was defined 358 
by the temporal invariability of biomass (for alpha and gamma stability) or cover (for species 359 
stability and species asynchrony), calculated as the ratio of temporal mean to standard 360 
deviation14,17. Gamma stability represents the temporal invariability of the total biomass of 361 
three plots with the same treatment, alpha stability represents the temporal invariability of 362 
community biomass averaged across three plots per treatment and per site, and species stability 363 
represents the temporal invariability of species cover averaged across all species and the three 364 
plots per treatment14. The mathematical formula are: 365 
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k; 𝜇𝜇𝑘𝑘 and  𝑣𝑣𝑘𝑘𝑘𝑘 denotes the temporal mean and variance of community biomass in subplot k, 370 
and 𝑣𝑣𝑘𝑘𝑘𝑘 denotes the covariance in community biomass between subplot k and l. We then define 371 
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species asynchrony as the variance-weighted correlation across species, and spatial asynchrony 372 
as the variance-weighted correlation across plots: 373 
   𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑠𝑠 = ∑ �𝑤𝑤𝑖𝑖𝑖𝑖,𝑘𝑘𝑘𝑘𝑖𝑖,𝑘𝑘
∑ �∑ 𝑤𝑤𝑖𝑖𝑖𝑖,𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖,𝑘𝑘𝑘𝑘𝑘𝑘   374 
   𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑆𝑆𝑠𝑠𝑠𝑠 𝑠𝑠𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑎𝑎𝑠𝑠 = ∑ �𝑣𝑣𝑘𝑘𝑘𝑘𝑘𝑘
�∑ 𝜈𝜈𝑘𝑘𝑘𝑘𝑘𝑘,𝑘𝑘   375 
where 𝑤𝑤𝑖𝑖𝑖𝑖,𝑘𝑘𝑘𝑘 denotes the covariance in species cover between species i in subplot k and 376 
species j in subplot l. 377 
These two asynchrony indices quantify the incoherence in the temporal dynamics of species 378 
cover and community biomass, respectively, which serve as scaling factors to link stability 379 
metrics across scales14 (Fig. 1). To improve normality, stability and asynchrony measures were 380 
logarithm transformed before analyses. We used the R function ‘var.partition’ to calculate 381 
asynchrony and stability across spatial scales14. 382 
 383 
Climate data 384 
Precipitation and temperature seasonality were estimated for each site using the long-term 385 
coefficient of variation of precipitation (MAP_VAR) and temperature (MAT_VAR) 386 




All analyses were conducted in R 4.0.245 with N=42 for each analysis unless specified. First, 391 
we used analysis of variance (ANOVA) to determine the effect of fertilization and period of 392 
experimental duration on biodiversity and stability at the two scales investigated. Models 393 
including an autocorrelation structure with a first-order autoregressive model (AR(1)), where 394 
observations are expected to be correlated from one year to the next, gave substantial 395 
improvement in model fit when compared with models lacking autocorrelation structure. 396 
Second, we used bivariate analyses and linear models to test the effect of fertilization and 397 
period of experimental duration on biodiversity-stability relationships at the two scales 398 
investigated. Again, models including an autocorrelation structure gave substantial 399 
improvement in model fit (Extended Data Table 2)46. We ran similar models based on nutrient-400 
induced changes in diversity, stability and asynchrony. For each site, relative changes in 401 
biodiversity, stability and asynchrony at the two scales considered were calculated as the 402 
natural logarithm of the ratio between the variable in the fertilized and unmanipulated plots 403 
13 
 
(Extended Data Fig.9). Because plant diversity, asynchronous dynamics and temporal stability 404 
may be jointly controlled by inter-annual climate variability22, we ran similar analyses on the 405 
residuals of models that included the coefficient of variation among years for each of 406 
temperature and precipitation. Results of our analyses controlling for inter-annual climate 407 
variability did not differ qualitatively from the results presented in the text (Extended Data 408 
Fig.4). Additionally, to test for temporal trends in stability and diversity responses to 409 
fertilization, we used data on overlapping intervals of four consecutive years. Results of our 410 
analyses using temporal trends did not differ qualitatively from the results presented in the text 411 
(Extended Data Fig.6). Inference was based on 95% confidence intervals. 412 
Second, we used structural equation modelling (SEM)29 with linear models, to evaluate 413 
multiple hypothesis related to key predictions from theories (Table 1). The path model shown 414 
in Fig. 1e was evaluated for each treatment (control and fertilized) and we ran separate SEMs 415 
for each period of experimental duration (from 4 to 9 years of duration). We generated a 416 
summary SEM by performing a meta-analysis of the standardized coefficients across all 417 
durations for each treatment. We then tested whether the path coefficients for each model 418 
differed by treatment by testing for a model-wide interaction with the `treatment` factor. A 419 
positive interaction for a given path implied that effects of one variable on the other are 420 
significantly different between fertilized and unfertilized treatments. We used the R functions 421 
‘psem’ to fit separate piecewise SEMs49 for each duration and combined the path coefficients 422 
from those models using the ‘metagen’ function50. 423 
 424 
Data availability 425 
Data will be made publicly available upon acceptance via GitHub 426 
(https://github.com/YannHautier/NutNetStabilityScaleUp). Source data are provided with this 427 
paper. 428 
 429 
Code availability 430 
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Table 1. Hypotheses related to key predictions from theories relating biodiversity, 571 
asynchrony and stability within and among interconnected communities. 572 
Pathway Hypotheses and mechanisms References 
Within communities 
  
Species richness -> 
species stability 
Higher plant richness within a community either increases or decreases 
the temporal stability of species abundances within the community by 
either decreasing or increasing variation in individual species 
abundances from year to year. 
8 
Species richness -> 
species asynchrony 
Higher plant richness within a community provides greater likelihood 
for asynchronous fluctuations among species to compensate one another 
when the number of species is higher. 
51 
Species stability -> 
alpha stability 
Higher temporal stability of species abundances within the community 
increases the temporal stability of community productivity due to lower 
variation in individual species abundances from year to year 
8,14 
Species asynchrony -> 
alpha stability 
Higher species asynchronous responses to environmental fluctuations 
within the community increases the temporal stability of community 
productivity because declines in the abundance of some species are 
compensated for by increases in others, thus buffering temporal 
fluctuation in the abundance of the whole community (species or local 
insurance hypothesis). 
8,14,19,20 
   
Among communities 
  
Beta diversity -> spatial 
asynchrony 
Higher variation and dissimilarity in species composition among 
communities increase asynchronous community responses to 
environmental fluctuations. 
16 
Alpha stability -> 
gamma stability 
Higher temporal stability of local communities cascades to larger scales 
and increase the temporal stability of total ecosystem function at the 
landscape level 
15 
Spatial asynchrony -> 
gamma stability 
Higher asynchronous community responses to environmental 
fluctuations increase temporal stability of productivity at the larger scale 
because declines in the productivity of some communities are 
compensated for by increases in others, thus buffering temporal 
fluctuation in the productivity of interconnected local communities 
(spatial insurance hypothesis). 
15,18 
 573 
  574 
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Table 2. Summary of meta-analysis results showing tests for differences of model paths 575 
between the unmanipulated control and fertilized conditions, including Cochrane Q 576 
statistics for the treatment effect (unmanipulated control versus fertilized condition) with 577 
associated degrees of freedom and p-values. 578 




Species richness -> 
species stability 
36.52 1 <0.001 
Species richness -> 
species asynchrony 
3.44 1 0.064 
Species stability -> 
alpha stability 
0.09 1 0.77 
Species asynchrony -> 
alpha stability 
7.15 1 0.008 
 
   
Among communities    
Beta diversity -> spatial 
asynchrony 
4.52 1 0.034 
Alpha stability -> 
gamma stability 
5.27 1 0.022 
Spatial asynchrony -> 
gamma stability 
0.11 1 0.74 
 579 




Figure 1. Conceptual figure illustrating the non-exclusive processes by which species 582 
stability, species asynchrony and spatial asynchrony may contribute to stabilize 583 
functioning (such as productivity) within (alpha stability) and among communities 584 
(gamma stability). a) Low stability and asynchrony of species within communities result in 585 
low alpha stability that in turn results in low gamma stability under low degree of asynchronous 586 
dynamics among communities (spatial asynchrony). Relatively high alpha and gamma stability 587 
may result from b) high species stability and c) high species asynchrony. d) Relatively high 588 
gamma stability may additionally result from high spatial asynchrony. e) Path analysis used to 589 
assess the relationship of local and beta diversity with the mechanisms promoting stability at 590 
multiple spatial scales under unmanipulated control or fertilized condition. Note that species 591 
names belong to a given community, they could or could not be the same species among 592 
communities. Adapted from Wilcox et al.21 and Mellin et al.52. 593 




Figure 2. Impact of fertilization on biodiversity-stability relationships across spatial 596 
scales. Stability was measured as the temporal mean of primary productivity divided by its 597 
temporal standard deviation. Relationships were generally consistent among the periods of 598 
experimental duration considered (Extended Data Table 2). Species richness was positively 599 
associated with a) alpha (slope and 95% CIs across time = 0.17 (0.08 – 0.26)) and b) gamma 600 
stability (0.27 (0.15 – 0.39)) in the unmanipulated communities, but unrelated to c) alpha (0.01 601 
(-0.07 – 0.10)) and d) gamma stability (-0.02 (-0.09 – 0.14)) in the fertilized communities. Beta 602 
diversity was positively related to e) spatial asynchrony (0.18 (0.06 – 0.30)) and f) gamma 603 
stability (0.47 (0.19 – 0.74)) in the unmanipulated communities, but unrelated to g) spatial 604 
asynchrony (-0.01 (-0.13 – 0.12)) and h) gamma stability (0.21 (-0.07 – 0.50)) in the fertilized 605 
communities. Note the scale of y-axis differ across panels and this needs to be considered when 606 




Figure 3. Summary of meta-analysis results showing the direct and indirect pathways 609 
through which biodiversity, asynchrony and stability at multiple spatial scales determines 610 
gamma stability under a) unmanipulated control or b) fertilized condition. Boxes 611 
represent measured variables and arrows represent relationships among variables. Numbers 612 
next to the arrows are averaged effect sizes as standardised path coefficients. Solid green and 613 
pink arrows represent significant (P ≤ 0.05) positive and negative coefficients, respectively, 614 
and dashed green and pink arrows represent non-significant coefficients. Widths of paths are 615 
scaled by standardized path coefficients. Percentages next to endogenous variables indicate the 616 
range of variance explained by the model (R2) across period of experimental duration. 617 
